Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)/polyvinylpyrrolidone (PEDOT:PSS/PVP) composite nanofibers were successfully fabricated via electrospinning and used as a quartz crystal microbalance (QCM) sensor for detecting CO gas. The electrical property of individual PEDOT:PSS/PVP nanofibers was characterized and the room temperature resistivity was at the magnitude of 10 5 Ω⋅m. The QCM sensor based on PEDOT:PSS/PVP nanofibers was sensitive to low concentration (5-50 ppm) CO. In the range of 5-50 ppm CO, the relationship between the response of PEDOT:PSS nanofibers and the CO concentration was linear. Nevertheless, when the concentration exceeded 50 ppm, the adsorption of the nanofiber membrane for CO gas reached saturation and the resonant frequency range had no change. Therefore, the results open an approach to create electrospun PEDOT:PSS/PVP for gas sensing applications.
Introduction
Carbon monoxide (CO) is highly toxic, combustible, and explosive. Therefore it is of great importance to notice its leakage in its former stage and give effective monitoring to avoid any major accidents. Although much attention was paid to metal oxide gas sensor materials such as ZnO, SnO 2 , and TiO 2 , in order to achieve higher sensitivity, the normal work temperature of these metal oxide-based gas sensors is rather high (>200 ∘ C) [1] [2] [3] [4] . Gratifyingly conducting polymer acts as gas sensor material that can work at room temperature to solve the problems.
Conducting polymers possess many interesting properties, such as controllable conductivity, stability, and biocompatibility. Recently, conducting polymers, such as polyaniline (PANI), polypyrrole (PPY), and polythiophene, have become attractive materials for gas sensing application [5] [6] [7] [8] . Poly(3,4-ethylenedioxythiophene) (PEDOT) is one of the most promising conducting polymers due to its high conductivity and excellent environmental stability [9] . Although PEDOT itself cannot be easily cast into films due to its insoluble property, PEDOT doped with poly(styrenesulfonate) (PSS) can be dispersed well in the aqueous solution. PEDOT:PSS complex is a blend of oxidatively doped, cationic, conjugated polythiophene derivation (PEDOT) and excess quasi-insulating PSS. The gas sensing properties of PEDOT:PSS nanostructures are investigated mostly by impedance test. PEDOT:PSS films have been used as sensing material for the detection of NO [5] crystal microbalance (QCM) due to its high mass sensitivity. Zeng et al. [13] used the QCM method to measure the PEDOT:PSS sensitivity to organophosphorus pesticide o,odimethyl-o-2,2-dichlorovinyl phosphate (DDVP). However, to the best of our knowledge, the CO sensing characteristics of the PEDOT:PSS nanofibers using a QCM sensing platform have not been reported yet. In this paper, conducting polymer PEDOT:PSS/PVP composite nanofibers were prepared by electrospinning and collected on the QCM. Aligned nanofibers were electrospun and the electrical resistivity of individual nanofibers was measured. The gas sensing property of the PEDOT:PSS/PVP nanofibers was investigated for detection of CO gas using QCM sensing platform.
Experimental

Preparation of Aligned PEDOT:
PSS/PVP Nanofibers. 1.8 g PVP powder was added into 8.2 g of ethanol (AR, Tianjin Damao Chemical Reagent Factory) and stirred to form uniform and transparent solution. Then 1.1 g PEDOT:PSS was mixed into the previous PVP solution and stirred for two hours. Then the precursor solution was obtained. Firstly, to measure the electrical property of individual PEDOT:PSS nanofiber, aligned nanofibers were prepared via centrifugal electrospinning. The centrifugal electrospinning setup has been reported in detail [14] . The solution was loaded into 5 mL plastic syringe with stainless steel needle connected to a high-voltage power supply (Tianjin Dongwen HighVoltage Power Supply Plant). The voltage for centrifugal electrospinning was 1.6 kV. The distance between the tip of the needle and collector was 4.0 cm. The rotating speed was 420 rpm, and the parallel nanofibers were collected on the aluminum foil.
Preparation of PEDOT:PSS/PVP and PVP Gas Sensor.
PEDOT:PSS/PVP nanofiber membrane was prepared by traditional electrospinning. The above precursor solution was loaded into a 5 mL plastic syringe with a stainless steel needle. The voltage was 20 kV. The distance between the tip of the needle and collector was 10 cm. The pure PVP nanofibers were also prepared by traditional electrospinning as follows: 1.8 g PVP powder was mixed into 8.2 g of ethanol to form the PVP precursor. And then the precursor solution was electrospun under an applied voltage of 20 kV and an electrospinning distance of 10 cm. The QCM (CHI400C, Shanghai Huachen Instruments Company Limited) was set on the aluminum foil as collector to attach nanofibers.
After electrospinning for one minute, the high-voltage power supply was turned off, and the QCM coated with nanofiber membrane was taken out. And then the QCM was heated at 60 ∘ C for two hours. This QCM was the sensitive component of gas sensor.
Measurement Setup.
The gas sensor measurements were carried out in a closed gas chamber ( Figure 1 ). Two QCM electrodes were set in the gas chamber: one is the reference QCM which is blank and the other is coated with sensing nanofiber membrane, which were connected with frequency meter. The theory of QCM was based on piezoelectric effect: QCM produced vibrations under certain voltage. The mass of QCM with membrane changed when the sensing materials interacted with the measured gas, which led to AC electric field changing and the vibration frequency of QCM changing. Therefore, the oscillation frequencies of the two QCM electrodes were recorded and treated by frequency meter. Then the frequency difference between the two QCMs was obtained and output to a computer.
All experiments were performed at room temperature. The gas sensing measurements included two processes: firstly, N 2 gas was filled into the sealed gas chamber at a flow rate of 500 sccm until the frequency difference between the reference QCM and the sensing QCM was stable at 0 Hz ± 1 Hz. Then N 2 gas was closed and CO was inlet at a flow rate of 500 sccm. The sensor interacted with CO which led to the mass changing and frequency changing. When the frequency difference was stable again, N 2 gas was filled into the chamber again until the output frequency regained its stability.
The morphologies of the nanofibers were characterized by a scanning electron microscope (SEM, JEOL JSM-6390). The electrical property was performed by a two-metalmicroprobe testing platform (HP 4156A precision semiconductor parameter analyzer). Raman spectra were recorded in air at room temperature by means of a LabRAM Infinity spectrometer (Raman, Jobin Yvom S.A.S.).
Results and Discussion
Morphology, Structure, and Electrical Property.
Single nanofiber was used to measure electrical conductivity of PEDOT:PSS/PVP, which was closer to intrinsic electrical characteristics of the nanofibers than that of nonwoven fibers. Moreover, to measure electrical properties, drawing individual nanofiber from nanofiber arrays can be easily performed compared with the crossed structures of the nonwoven fibers. So we prepared aligned nanofibers. So aligned fibers were prepared via centrifugal electrospinning [14] . Figure 2(a) shows the SEM image of aligned straight PEDOT:PSS/PVP nanofibers with diameter of about 800 nm. I-V curve of single PEDOT:PSS/PVP nanofiber was characterized (Figure 2(b) ) and the resistivity was at the magnitude of 10 5 Ω⋅m. To increase the contact area with CO gas, PEDOT:PSS/ PVP nanofiber membrane was fabricated on the QCM by conventional electrospinning. Figure 3(a) shows the SEM image of the nanofiber membrane on the QCM. Each individual fiber is quite uniform in cross section. And the diameters of the fibers are 600-800 nm, as shown in Figure 3(b) . Figure 4 shows the Raman shifts of the electrospun PEDOT:PSS/PVP fibers. The band at 438 cm −1 is assigned to the SO 2 bending. The band 576 cm −1 can be assigned to the oxyethylene ring deformation, the band 700 cm 
Time Response to CO Gas.
As is well known, the mechanism of QCM is based on Sauerbrey Equation (1)
where Δ is the measured frequency difference, 0 = 7.995 MHz the original oscillation frequency of QCM, which is a constant, Δ is the change in mass on the surface of the crystal, and = 0.196 cm 2 is the effective area of electrode. For this AT-cut quartz crystal, every hertz frequency change is equivalent to 1.34 ng, since Sauerbrey equation is suitable for materials which do not dissipate any energy during the oscillation, including metallic and metal oxides coatings. In other words, the relation remains invalid for soft or viscoelastic films, which do not completely couple with the oscillating crystal, thereby causing positive frequency shift and then an underestimation of mass. In our experiment, after the PEDOT:PSS/PVP nanofibers on QCM were exposed to different concentrations of CO, respectively, the frequency difference remains negative, and the sensing layer acquires a stable structural conformation. This stability is most probably due to the establishment of a rigid three-dimensional network. For this reason, we neglected the viscoelasticity of the sensing layer and only molecular uptake is considered. So the Sauerbrey equation was used in the paper. According to the Sauerbrey formula, the frequency difference of the QCM is linearly related to mass change. Figure 5(a) shows that the frequency difference rapidly decreased as the 50 ppm CO gas flowed into the test chamber and achieved stability after tens of seconds. Then when the CO valve was closed and N 2 gas was filled into the chamber, the frequency difference increased until being back to zero Hz. When CO gas flowed into the test chamber at 50 ppm, the maximum of frequency difference is about −54 Hz as shown in Figure 5(a) . Thus the mass change of PEDOT:PSS/PVP on the QCM could be calculated. According to (1) the mass change is 72.36 ng; that is to say, the PEDOT:PSS/PVP nanofibers adsorb 72.36 ng CO. The response was comparable to other gas sensors based on individual PEDOT:PSS nanofibers [15] because the PEDOT:PSS nanofibers have high surface-to-volume ratio in favor of contacting more CO molecules to increase the response.
To assess whether the CO adsorption was affected by PVP, we tested the QCM covered pure PVP nanofibers sensing to 50 ppm CO. The results show that the frequency difference is at zero Hz ( Figure 5 frequency difference decreased since the PEDOT:PSS in the fibers adsorbed the CO gas leading to the mass increasing of the nanofiber membrane. Moreover, the nanofibers have advantages of large aspect ratio and high surface-to-volume ratio in favour of more PEDOT:PSS contacting CO molecules and shortening the response time.
Gas Concentration Measurement.
To obtain more details of the sensing information of the nanofibers, other CO concentrations were also measured. Figure 6 (a) shows the response characteristics of the PEDOT:PSS/PVP nanofiber membrane sense to 10, 30, and 50 ppm CO. It can be seen that the frequency difference increases with the concentration. Under the same flow rate conditions, more CO molecules enter the gas chamber with increased concentration, which enhanced the contact between CO and PEDOT:PSS/PVP. The adsorbed CO amount rises and the frequency difference increases. In order to study the CO concentration detection limits, over 50 ppm CO was measured. The results show that the maximum frequency difference is similar to that of 50 ppm, which illustrates the adsorption of the nanofiber membrane for CO gas reached saturated at 50 ppm. Generally, the frequency difference by QCM method is proportional to the concentration of gas detected [16] . Figure 6 (b) reveals a nearly linear relationship between the frequency difference and CO concentration less than 50 ppm and the frequency difference reaches plateau after 50 ppm. The solid line is linear fitting to the data. If the thickness of the fiber membrane is different, the CO saturated concentration may be also not the same for the different contacting area to CO. Thus the sensor based on PEDOT:PSS/PVP nanofibers by QCM method was suitable for the low concentration gas measurement.
According to the results previously reported [17, 18] and obtained in this work, the sensing mechanism of PEDOT:PSS/PVP nanofibers could be suggested: PEDOT/ PSS has a polar structure, PEDOT is the positive part, and PSS is the negative part. It shows a better adsorption to CO polar molecules, which leads to the reduced frequency difference of QCM. N 2 gas had no effect on the fibers sensing because of its nonpolar structure. In the CO/PEDOT:PSS adsorption system, CO molecules play a role as the electron donor to PEODT:PSS, which leads to the reduction of holes. If the detection of CO occurs via the mechanism as shown in Figure 7 , it shows the interaction between CO and PEDOT:PSS.
Conclusions
The PEDOT:PSS/PVP nanofibers were successfully fabricated on QCM via electrospinning. The results show that the PEDOT:PSS/PVP nanofiber membrane was sensitive to low concentration (5-50 ppm) CO gas. The frequency difference was proportional to the concentration of CO. When the concentration increased to a certain value the adsorption of nanofiber membrane for CO reached saturation. The size effect of nanofibers makes the PEDOT:PSS/PVP more comprehensive not only on solar cells and electronic devices, but also on gas sensors. 
